Abstract Enzymatic production of diacylglycerol (DAG)-enriched oil has been investigated extensively due to its health benefits with total annual sales of approximately USD 200 million in Japan since its introduction in the late 1990s till 2009. Enzymatic catalysis had been proven to exhibit improved results with respect to yield, purity, reaction time, and stability in comparison with chemical catalysis. The cost of the enzymes, however, is the main hurdle to the widespread use of enzyme for commercial DAG production. This paper attempts to review and summarize various lipase-mediated technological methods for DAG production. Critical aspects such as process considerations on DAG synthesis, mass transfer limitations as well as kinetic mechanism models developed for each enzymatic approach in DAG synthesis are also presented and discussed. In addition, possible reactor configurations were evaluated, if lipase-assisted DAG production is to be technically and economically feasible at an industrial scale.
Introduction
Obesity or overweight, which correlates to the excessive accumulation of body fat due to abnormal eating behavior and unhealthy dieting practices, has reached an alarming stage with around 3.4 million deaths yearly as a consequence of obesity prevalence in all populations (WHO 2014) . Tremendous amount of research studies indicate a positive correlation between obesity and degenerative diseases, for instance, cardiovascular diseases, diabetes mellitus, hypertension, gallbladder disease, endocrine and metabolic disturbance, debilitating health problems (pulmonary diseases, osteoarthritis, and gout) as well as psychological problems associated with obesity (Lavie et al. 2009; Artham et al. 2011; Louie et al. 2013 ). The consequence is a drastic increase in obesity-related medical expenses that burdens the government and economic growth (Finkelstein et al. 2009 ). In response to the rising tide of weight-related disorders, integrating efforts and strategies have been proposed to reduce the progression of obesity throughout the world including medication, implementation of obesity intervention programs in the school and workplace, media campaign to educate people especially the young generation who are prone to obesity risk, and the development of new functional food (fat replacer and artificial sweetener) to replace the conventional fat and sugar. The World Health Organization (WHO) has also formulated dietary guidelines, enacted programs, and urged the world population to reduce the consumption of fats and oils to a maximum level of 30 % of the total calorie intake (WHO/ FAO 1993; WHO 1990) . Although fat replacer has been given high priority as food ingredients to replace conventional fat, it does not seem to be able to reproduce the textural characteristics as provided in fat-formulated foods (Jacobs et al. 2003) . Furthermore, fat replacer may result in reduced absorption of essential fatty acids and fat-soluble vitamins, higher product price and greasy stools due to poor digestion (Flickinger and Matsuo 2003) . The disclosure of diacylglycerol (DAG)-enriched oil in the late 1990s has therefore been drawing increasingly global attention from researchers and food manufacturers.
Diacylglycerol Introduction
Naturally, DAG appears to be a minor component in various edible oils up to maximum level of 10 % (Table 1) (Flickinger and Matsuo 2003) . DAG consists of two fatty acyl chains esterified to one glycerol backbone and can exist in both 1,2 (or 2,3)-DAG and 1,3-DAG form in nature as illustrated in Fig. 1 . With regard to its exposed hydrophilic group within the molecular structure, distinct physiochemical properties are reflected in DAG compared to triacylglycerol (TAG) . The presence of the hydrophilic portion allows DAG to function as nonionic emulsifiers and stabilizer in the food, cosmetic, a n d p h a r m a c e u t i c a l i n d u s t r i e s t o g e t h e r w i t h monoacylglycerol (MAG) at a varied degree of purity (Nakajima 2004) . DAG can also be used as an attractive starting material for numerous organic products such as phospholipids, glycolipids, lipoprotein, and prodrugs such as 1,3-DAG conjugated chlorambucil for the treatment of lymphoma and 1,2-DAG conjugated (S)-(3,4-dihydroxyphenyl)alanine (L-Dopa) for the treatment of Parkinson's disease (GarzonAburbeh et al. 1983 (GarzonAburbeh et al. , 1986 Gonçalves et al. 1989; Giacometti et al. 2001) . Its applications as modifier of TAG crystal structure in fat-containing foods and as estranger oil to separate materials from molds are well documented (Yamane et al. 1994 ).
Nutrition and Health Effects
DAG-enriched oil had gained tremendous interest as a functional food to replace the conventional TAG oil for obesity management (Flickinger and Matsuo 2003) . Despite the equivalent energy value and digestibility for both DAG and TAG, extensive researches demonstrate that DAG, particularly 1,3-DAG, is capable of suppressing the accumulation of body fat, reducing the level of serum TAG, decreasing postprandial hyperlipidemia and hemoglobin A1c, increasing postprandial lipid oxidation, and hence reducing body weight (Flickinger and Matsuo 2003; Yanai et al. 2007; Rudkowska et al. 2005; Tada 2004 ). Its excellent antiobesity characteristic lies in its different metabolic pathway compared to TAG as illustrated in Fig. 2 .
Upon digestion of DAG in the small intestine, 1(3)-monoacylglycerol (1(3)-MAG) is formed instead of 2-monoacylglycerol (2-MAG). TAG is hardly resynthesized via 2-monoacylglycerol pathway as both DAG acyltransferase (DGAT) and MAG acyltransferase (MGAT), which are responsible for the reformation of TAG using 2-MAG as substrate, show low affinity toward 1(3)-MAG. Glycerol-3-phosphate pathway is another route for the resynthesis of TAG, but its mechanism is much less active. As a consequence, postprandial TAG level is significantly suppressed in the bloodstream (Tada et al. 2001; Taguchi et al. 2002; Watanabe et al. 1997) . Furthermore, ingestion of DAG oil increases the rate of β-oxidation which is linked with reduction in body weight and serum TAG level (Watanabe et al. 1997; Kamphuis et al. 2003) . Numerous health agencies and associations have approved and recommended the use of DAG oil for body weight and fat control. In the USA, DAG oil is designated as BGenerally Recognized as Safe (GRAS)b y scientific experts panel and has been reviewed and accepted by the Food and Drug Administration (FDA) (Takase 2007) . Researchers also noted that no potential side effect was found for DAG oil from single dose and long-term consumption of DAG-enriched oil and safe to be consumed because DAG oil is digested the same way as conventional edible oil (Rudkowska et al. 2005; Yanai et al. 2007) .
Moreover, DAG has also been used in synergistic with MAG as emulsifier and surfactant in the food, cosmetic, and pharmaceutical industries (Flickinger and Matsuo 2003; Gunstone 1999; Nakajima 2004) . Driven by the foreseen emerging market demand for DAG-enriched oils, Kao Corporation of Japan began to commercialize DAG oil under the brand name BHealthy Econa Cooking Oil^in Japan and BEnova Oil^in the USA in February 1999 to satisfy the market demand (Lo et al. 2004 (Lo et al. , 2008 . Successful sales of DAG Source: Flickinger and Matsuo (2003) oil have been achieved with over 70 million bottles sold and turn out to be leading cooking oil in Japan (Flickinger and Matsuo 2003) . To achieve its beneficial health effects, it is preferable that more than 40 % of the edible oil consumed is composed of DAG. However, conventional edible oil contains DAG only up to a maximum limit of 10 % (w/w) as mentioned Yanai et al. (2007) earlier. Consequently, various processing methods have been developed to produce this valuable DAG functional oil which will be discussed later.
Enzymatic Route for DAG Production
For decades, chemical glycerolysis is the common industrial approach employed for the production of MAG and DAG. Patented papers demonstrated that chemical glycerolysis on an industrial scale was normally conducted at elevated temperature of about 210-260°C in the presence of alkaline catalyst such as sodium/potassium hydroxide, sodium methoxide, or potassium acetate prior to catalyst neutralization, followed by rapid cooling after completion of glycerolysis as illustrated in Fig. 3 (Sonntag 1982; Jacobs et al. 2003) . Nevertheless, prolonged exposure to extreme operating condition especially for heat-sensitive polyunsaturated fatty acid (PUFA) might lead to the formation of undesirable by-products and the development of deleterious characteristic (sensory, appearance and aroma) on the final oil product. Thus, it urges additional purification process before commercialization. Moreover, a harsh operating environment also triggers unwanted acyl migration side reaction which leads to low DAG yield and purity. Additionally, high thermal energy requirement in chemical glycerolysis might eventually upsurge the manufacturing cost (Damstrup et al. 2006; Jacobs et al. 2003; Kristensen et al. 2005) .
Evidences from recent studies clearly demonstrated that enzymes are potentially useful as compared with alkaline catalyst-induced glycerolysis because they are reusable and more compatible with variation in the quality of the raw material. In addition, enzyme-assisted reaction enables the production of DAG in fewer processing steps with low energy demand which consequently suppresses the formation of undesirable by-products. Besides, enzyme lipase exhibits higher specificity in the DAG synthesized. Notwithstanding all these advantages, the application of enzymes in oils and fats industry is still limited by their low reaction rate and low stability under operational conditions. Apart from that, the cost of commercial enzyme lipase remains to be a significant technical barrier which inhibits the employment of enzymatic methods. Therefore, the key issues related to each processing technique will be identified so that the industrial use of enzyme lipases for DAG production is made feasible.
Enzymatic Esterification
Enzyme-mediated esterification is characterized as the reaction between free fatty acid (FFA) and glycerol, catalyzed by enzyme lipases either in free or immobilized form to yield partial acylglycerol and water. An overview of the most promising results for enzymatic DAG production via esterification to date is given in Table 2 .
Previous research reports indicate that a trace amount of water is required to maintain enzyme integrity for its activity. However, adverse effect or reverse reaction is observed when the water content exceeds the critical value. It is worth mentioning that enzymatic esterification involves the formation of water molecules as end product. To increase the effectiveness of esterification reaction for DAG production, removal of water formed, therefore, seems to be a decisive factor as the equilibrium might be shifted in favor of esterification with decreasing in water content. Several techniques have been developed for the elimination of water during esterification reaction, for instance, the use of a vacuum pump, desiccating agents such as silica gels or molecular sieve, and streaming of nitrogen gas. Introduction of a high vacuum environment by means of a vacuum pump is a preferred method to reduce water content because the operation is simple and cost-effective. Watanabe et al. (2003) reported that DAG yield increased gradually with increasing vacuum conditions on the esterification reaction. However, extreme vacuum condition (<1 mmHg) was not recommended because a minimal amount Candida antarctica Imm G+CLA 50°C, 43 wt% enzyme based on G, 2:1 M CLA to G, 3 h at pressure less than 10 mbar >90 Guo and Sun (2007) Food Bioprocess Technol (2015 Technol ( ) 8:1169 Technol ( -1186 of water is required to maintain the molecular structure of enzyme and thereby unlocking its catalytic activity (Marty et al. 1997; Zaks and Klibanov 1988a) . Evaporation of water under a stream of nitrogen gas (0.7 l min
) was also reported to be capable of improving the DAG production yield as the presence of water favor hydrolytic reactions instead of synthetic reactions (Rosu et al. 1999) . Previous literature studies also indicated that the use of molecular sieves and silica as absorbent encouraged DAG synthesis even though the mentioned method is not practical in an industrial scale owing to the separation difficulties and increased overall manufacturing cost (Chong et al. 2007; Kwon et al. 1995; Lo et al. 2004) .
Poor miscibility between glycerol and fatty acid is a major limiting factor for esterification. In addition, absorption of glycerol onto the surface of hydrophilic immobilized lipase might hinder the enzyme activity. As a consequence, solvent engineering technique is commonly applied to alleviate the poor solubility issue and inhibition effect of glycerol. Solvent utilization offers the advantage of reduced viscosity of the reaction mixture and, therefore, improves the overall mass transfer process and accelerates the esterification reaction (Martinez et al. 2005; Tripathi et al. 2006; Watanabe et al. 2003) . A high percentage of DAG can also be achieved when the esterification process was performed in CO 2 -expanded acetone as alternative solvent under optimum conditions (Tai and Brunner 2011) . Application of gas-expanded liquids enhances the reactions by altering the physicochemical properties such as viscosity, dielectric constant, and hydrogen bonding (Wyatt et al. 2005) . Adsorption of hydrophilic glycerol onto hydrophilic solid supports is another interesting approach employed to resolve the compatibility of both glycerol and fatty acid (Berger et al. 1992; Kwon et al. 1995; Waldinger and Schneider 1996) . Without solid support, the mixture of FFA and glycerol remains biphasic which results in low DAG conversion rate. Kwon et al. (1995) suggested that liquid-liquid interfacial area is the rate-determining step for esterification reaction, and the use of silica gel increases the interfacial area of the reaction media which is associated with higher reaction rate.
Kinetic study of lipase-mediated esterification for DAG synthesis demonstrated that the reaction follows Ping-Pong Bi-Bi with competitive substrate inhibition mechanism as shown in Fig. 4 (Duan et al. 2010) . The simplified kinetic model suggested that the reaction is initiated by binding FFA to enzyme lipase (E) to form a binary complex (E.FFA), followed by the formation of a water molecule (H 2 O) and a modified enzyme complex (E*). Glycerol (G) is then bound to the modified enzyme complex (E*) and form another binary complex (E*. G). Eventually, DAG is released and the enzyme is regenerated. G is proposed to act as an enzyme inhibitor which competes with substrate FFA for the active binding site of enzyme lipase. Kinetic parameters K 1 and K −1 relates to the forward reaction coefficient for binary complex (E.FFA) formation and reverse rate constant for FFA and E reformation, respectively; K 2 is the forward reaction coefficients for water formation, whereas K −2 shows its backward reaction constant. Both K 3 and K −3 represent the binding rate of G to the modified enzyme complex (E*) and its reverse reaction rate; K 4 is the forward reaction coefficient for DAG formation and K −4 indicates resynthesis rate of binary complex (E*.G); K 5 is the inhibitory constant for competitive substrate G and K −5 is the restoration rate for E and G.
Enzymatic Glycerolysis
Enzymatic glycerolysis involves the migration of fatty acyl moiety from TAG molecule (edible oil) to the acyl acceptor (glycerol) in the presence of either free or immobilized lipase. Due to the emergence of biodiesel market worldwide, huge surplus of glycerol can be obtained as by-product during the manufacturing of biofuels. The oversupply of glycerol has therefore induced a drastic drop in its cost, making enzymatic glycerolysis to outstand other processing methods for DAG production owing to the cheap raw materials. An overview of the enzymatic DAG production via glycerolysis to date is given in Table 3 . In general, reaction media is an important process parameter which governs the enzymatic glycerolysis because the reaction encounters a similar challenge of low substrate miscibility as described earlier in esterification reaction. Solvent engineering strategies can therefore be implemented to create a homogenous reaction system, reduce viscosity of the reaction mixture, avoid diffusion limitations, and lead to higher reaction velocity as a result (Martinez et al. 2005; Tripathi et al. 2006; Watanabe et al. 2003) . In accordance to Rendón et al. (2001) , a similar trend was observed by Liao et al. (2003) in which a combination of solvents or alone is capable of enhancing the enzymatic glycerolysis reaction rate. Several research papers pointed that solvent with distinct polarity greatly influences the selectivity of lipase-catalyzed reaction (Liao et al. 2003; Rendón et al. 2001) . Additionally, some organic solvents were reported to exhibit a protective effect on enzyme lipase and enhance its thermal stability (Goldberg et al. 1990; Zaks and Klibanov 1988a, b) .
Despite significant improvements in reaction rate, separation and recovery of solvent may involve time-consuming and complicated unit operation (recovery system) which is not practical in an industrial scale (Arcos and Otero 1996; Kristensen et al. 2005) . Moreover, organic solvents were reported to be potentially carcinogenic and might have negative impacts on the environment which are the hurdles of the solvent engineering approach (Lue et al. 2007) . Consequently, there is a noticeable shift recently toward cleaner and greener technology in lipid processing. The application of ionic liquids as alternative green solvent in enzymatic reaction has attracted considerable attention from researchers. In contrast to traditional organic solvents, ionic liquids offer advantages of being environmental friendly due to its high vaporization temperature. Other advantageous characteristics of ionic liquids include low melting point; noncorrosive; capable of dissolving a huge amount of substrates ranging from inorganic, organic, and polymeric materials; and easily stored and handled. Most importantly, the properties of the ionic liquids can be modified to meet the specific requirements of some applications (Shaikh and Huang 2012; Lue et al. 2007 ). Kahveci et al. (2010) reported that the binary ionic liquid system was effective in boosting the DAG yield (70 % (w/w)) with trace amount of MAG being formed as an undesirable by-product and high conversion of TAG during glycerolysis reaction. Ultrasonic irradiation is an interesting technique which can be introduced to enhance glycerolysis reaction. Satisfactory DAG and MAG yields above 50 % (w/w) could be obtained at a short interval of time and low enzyme load without significant loss of enzyme activity (Fiametti et al. 2011 ). Yet, the application of this technique in biochemical reaction is not well explored.
Another major drawback of enzymatic glycerolysis is the formation of hydrophilic glycerol layer around the lipases immobilized in hydrophilic carriers, thereby restricting contact with the hydrophobic oil phase which corresponds to low DAG conversion rate (Kristensen et al. 2005) . To overcome the difficulty mentioned, proper selection of immobilized enzyme is of utmost importance in which hydrophobic enzymes had been proven to catalyze the glycerolysis reaction with ease and higher DAG yield could be achieved. The introduction of solid supports such as silica gel, diatomaceous earths, or activated charcoals as glycerol reservoirs can also be applied for continuous glycerolysis reaction especially when the hydrophilic enzyme was used as the catalyst (Berger et al. 1992; Kristensen et al. 2005; Yeoh et al. 2009 ).
Kinetic evaluation and simulation of enzymatic glycerolysis is important in the design of scale-up experiment in order to gain an insight into its reaction mechanism. Previous literatures revealed that lipase-catalyzed glycerolysis follows a sequence of reversible glycerolysis and hydrolysis/ esterification reactions as illustrated in Fig. 5 with good agreement between the experimental data and the model adopted (Valério et al. 2009 ).
Kinetic constants k 1 to k 6 represent the forward and backward reaction coefficients for glycerolysis, whereas kinetic constants k 7 to k 12 indicate the hydrolysis reaction rate and its reverse reaction rate (esterification). Another kinetic model was also proposed based on a series of hydrolysis and esterification reactions to simulate the glycerolysis reaction catalyzed by 1,3-position-specific lipase (Tan and Yin 2005) . The proposed model also takes the specific affinity of enzyme lipase toward 1,3-positions in TAG molecules into consideration. In addition, acyl migration and isomerization of DAG are included in the kinetic model (Tan and Yin 2005) . Lipasecatalyzed glycerolysis was also reported to conform to PingPong Bi-Bi mechanism, considering a simple scheme based on hydrolysis and esterification steps (Cheirsilp et al. 2007 ). Despite of the strong correlation between the experimental data and the kinetic model, the suggested model is only applicable in a high water content condition. Since most glycerolysis is conducted in a microaqueous environment, a more reliable model, ordered-sequential Bi-Bi mechanism based on glycerolysis, hydrolysis, and esterification steps was therefore proposed and described as shown below (Fig. 6) . A good agreement was found between both experimental data and the model proposed (Voll et al. 2011 ). Kinetic coefficients k 1 to k 18 represent the forward and backward reaction rate for glycerolysis, whereas kinetic constants k 19 to k 36 indicate the hydrolysis reaction rate and reesterification rate.
Enzymatic Partial Hydrolysis
Hydrolysis of edible oil is described as the process of removing acyl moiety from the TAG molecules with simultaneous release of FFA. By proper controlling of water content, a considerable amount of DAG can be obtained. Partial hydrolysis is an attractive processing method due to sufficient supply of inexpensive main feed stocks (oils or fats and water) Lai et al. 2006) . Moreover, DAG can be produced in single-step hydrolytic reaction of TAG without further addition of other substrates such as glycerol (Lo et al. 2008) . Previous studies on partial hydrolysis for DAG production are presented in Table 4 . Generally, lipid-water interfacial area is the rate-limiting factor which has a significant effect on the lipase-assisted partial hydrolysis rate. In order to drive the reaction rate forward, it is of great importance to maintain the reactant mixture in emulsion state using high stirring speed. Previous studies clearly demonstrate that initial reaction rate was improved with increasing agitation speed, suggesting that the external mass transfer limitation was overcome at high agitation speed (Noor et al. 2003; Wang et al. 2009a, b) . Surfactants are often added into the reaction mixture to increase the interfacial contact between oil and aqueous phase and stabilize the emulsion system (Xu 2003) . However, the removal of surfactants from the reaction media remains to be a major obstacle (Plou et al. 1996) . Furthermore, the use of enzyme in emulsion system raises technical and economic difficulties such as contamination of products with residual protein and repeatability of enzyme was limited. Ultrasonic irradiation as described earlier had also been found to accelerate catalysis rate in partial hydrolysis reaction by inducing acoustic cavitation phenomena in heterogeneous solutions and thereby enhancing the mass transfer velocity (Babicz et al. 2010; Awadallak et al. 2013; Gonçalves et al. 2012) . Babicz et al. (2010) successfully produced 40 % (w/w) DAG in short reaction times and low catalyst load. Another good DAG yield of 39 % (w/w) was also achieved by using similar operating protocol as reported by Gonçalves et al. (2012) . Another major hindrance to effective partial hydrolysis is the continuous formation of glycerol during reaction. The glycerol would form a hydrophilic layer around the enzyme which limits the substrate diffusion rate, resulting in lower DAG conversion rate (Yeoh et al. 2009 ). During hydrolysis process, glycerol is continuously formed until the reaction is stopped. The formation of glycerol may inhibit the reaction and it cannot be removed even under vacuum condition. Therefore, partial hydrolysis reaction needs to be controlled carefully to avoid further hydrolysis once DAG is optimized .
Kinetic mechanisms regarding DAG production via partial hydrolysis remain to be scarce to date. Wang et al. (2010) investigated the kinetics of partial hydrolysis based on a simplified model as shown in Fig. 7 , considering both hydrolysis or reesterification and acyl migration steps during the hydrolysis Fig. 5 Schematic representation of the lipase-catalyzed glycerolysis which follows a series of glycerolysis, hydrolysis, and esterification reactions: FFA free fatty acid, G glycerol, H 2 O water, TAG triacylglycerol, DAG diacylglycerol, MAG monoacylglycerol reaction. The kinetic model proposed was initially adopted to simulate the lipase-catalyzed synthesis of triolein (Lortie et al. 1993) . Watanabe et al. (2003) also suggested similar reaction routes for DAG production via esterification, which were reversible reactions involving the hydrolysis of TAG. Reaction rate constants were determined by fitting a simplex method onto the kinetic model, and the data generated by the model were in good agreement with the experimental data (Wang et al. 2010) .
A simplified empirical equation for Ping-Pong Bi-Bi mechanism based on steady-state assumption can also be used to describe the partial hydrolysis reaction well (Phuah et al. 2012 ). Another kinetic model was also proposed to represent enzymatic partial hydrolysis based on the ordered-sequential Bi-Bi mechanism considering both hydrolysis and reesterification steps with additional two hypotheses being included into the model, namely solubility of water in the oil phase and the inhibition effect of excess enzyme concentration as illustrated in Fig. 8 (Voll et al. 2012 ).
Reactor Configurations
Enzyme reactor is another main feature for most enzymatic processes besides enzyme particles. To date, many different reactors have been investigated and used for the lipasemediated partial acylglycerol production, such as batch reactor (BR), continuous stirred tank reactor (CSTR), packed bed reactor (PBR), membrane reactor (MR), and fluidized bed reactors (FBR) with/without internal or external separation system, which will be discussed in detail. The choice of the reactor aims to improve the reaction efficiency, both product yield and quality; enable enzyme reusability; enhance enzyme stability; and increase productivity with the lowest capital investment as possible.
Batch Stirred Tank Reactor
The bench-scale reactor is the most commonly used reactor configuration in the laboratory as a preliminary study to investigate the effects of different operating parameters on the enzymatic reactions. Mixing is a crucial operating parameter when a multiphase reaction system arises. Since a homogeneous mixture is difficult to achieve particularly considering the solvent-free system, adequate mixing is therefore important to increase the interfacial area in the reactant mixture in order to enhance the mass transfer rate. Basically, a mechanical agitator and a magnetic stirrer are applied to achieve the mentioned purpose. Baffles are sometimes introduced to reduce vortexing in order to optimize the mixing process. Previous literatures indicate that the efficiency of mixing operation in the batch stirred tank reactor (BSTR) depends mainly on the impeller diameter, the agitation speed, and the numbers of impellers installed (Noor et al. 2003; Calderbank 1958) . High agitation speed is preferred because vigorous agitation promotes the formation of an emulsion system with reduced droplet sizes. However, care is needed with particulate enzymes that are susceptible to rupturing and denaturation at high stirring speed. The BSTR has the advantage of its Plou et al. (1996) Rhizomucor miehei K 5 K 6 K 7 K 8 Fig. 7 Schematic representation of the lipase-catalyzed partial hydrolysis which follows a series of hydrolysis or reesterification and acyl migration reactions versatility, high conversion yield, and ease of cleaning. In addition, determining the optimal conditions using the BSTR system can provide valuable information during the up-scaling process. However, BSTR is not applicable in an industrial scale as continuous production is not viable.
Continuous Stirred Tank Reactors
A CSTR configuration can be described as the combination of both fixed bed and batch reactors in which reactants and products are added and removed concurrently. A microfiltration system is normally installed at the reactor outlet to prevent the immobilized lipase from leaving the CSTR. This reactor configuration enables continuous production of partial acylglycerols and it possesses some advantages over fixed bed reactor such as lower construction costs and better mass and heat transfer performance. However, the dimension of the reactor vessel must be sufficiently large to achieve the same extent of reaction rate as in the fixed bed reactor. In addition, immobilized enzyme particles in CSTR are prone to breakage and critical loss in enzyme activity due to the mechanical nature of the stirring system.
Bubble Column Reactor
Another interesting alternative to stirred tank reactor is the bubble column reactor (BCR) in which agitation or mixing of the reaction mixture is performed with the aid of a gas sparging system in vessel. This reactor configuration provides numerous advantages during operation such as excellent heat and mass transfer coefficient, low capital investment and maintenance cost owing to reduced moving parts, and lack of complexity. Moreover, the addition or withdrawal of catalyst from the reactor during operation can be accomplished with ease (Kantarci et al. 2005 ). Moreover, recent research studies also demonstrated that the operational stability of immobilized catalyst is greatly improved in BCR (Zhong et al. 2013; Guo and Sun 2007) . The type of flow regime in the bubble column which determines both mass and heat transfer characteristic is a function of gas flow rate, sparger design, column diameter, and liquid phase properties. Several mathematical correlations have been developed to predict the mass and heat transfer coefficients in the column reactor as reviewed by Kantarci et al. (2005) . Zhong et al. (2013) disclosed the employment of vacuumassisted air bubbling column to synthesize DAG via lipasecatalyzed esterification. A promising result is reported with 80 % (w/w) DAG being produced in 3 h of reaction time. Besides eliminating the mass transfer resistance, the application of vacuum-driven air bubbling protocol was found to facilitate the removal of water produced during esterification reaction which translates into higher DAG conversion rate (Zhong et al. 2013) . The formation of water is undesirable because the water molecules affect esterification reaction reversibly. Another satisfactory result was also observed by Guo and Sun (2007) in which >90 % (w/w) DAG was obtained using vacuum-driven nitrogen bubbling reactor.
Packed Bed Reactor
PBR, also known as fixed bed reactor, is the most frequently used multiphase reactor for DAG manufacturing at an industrial scale. The reactor design consists of an agitation tank being connected to one or several tubular vessels where the solid catalyst particles are packed within. The reactor concept is simple and continuous production of partial acylglycerols is made possible. Besides that, low operating and construction cost, reduced reaction duration which in turn leads to less side reactions as well as high conversion per unit mass of catalyst under optimal operating conditions are the advantages of operating the PBR system. Since the immobilized enzyme is entrapped in the column tube, no additional enzyme filtration system is required and reusability of the enzyme is made feasible. Moreover, risk of contamination and handling losses of enzyme particles are greatly reduced. Above all, shear inactivation of immobilized catalyst is minimal in PBR. Nevertheless, the major drawbacks of this reactor type are related to low internal and external mass transfer rates, development of heat gradients inside the bed column, occurrence of channeling or uneven flow distribution, fouling of the enzyme bed during process running, and significant pressure drop across the bed column at high Reynolds number. Both Reynolds number (Re) and pressure drop (ΔP) are considered as important indicators to evaluate the performance of PBR which can be determined using Eqs. 1 and 2, respectively (McCabe et al. 2005; Xu et al. 1998 ). The flow is characterized as turbulent flow if Re exceeds the critical limit of 4000 which the fluid exhibits irregular fluctuations such as cross-currents and eddies. On the other hand, the flow is described as laminar flow if Re value is less than 2000 which the fluid flows steadily and smoothly in its own streamline (McCabe et al. 2005) . ). The evaluation of mass transfer rate in packed beds is of great significance because the effectiveness of substrate diffusion rate affects the overall reaction performance. A great number of mass transfer correlations have been proposed and studied for packed bed system (Guedes de Carvalho et al. 2004 ). An equation, which can be used to simulate the mass transfer phenomena in PBR satisfactorily, is presented as in Eq. 3 (McCabe et al. 2005) . Mass transfer limitations can usually be minimized by increasing superficial velocity in the bed column which can be achieved by either increasing volumetric flow rate of the reactant mixture or increasing the height to diameter ratio of the bed column. Despite that, the risk of increased pressure drop in tandem with increasing superficial velocity should be given careful attention because it complicates the operation in the PBR system (Ison et al. 1994) . Proper controlling of substrate flow rate and designing of the reactor are therefore crucial in order to maximize partial acylglycerol production rate. ). Sugiura et al. (2002) demonstrated that lipase-catalyzed esterification reaction between glycerol and fatty acid with simultaneous removal of water content under reduced pressure in PBR is capable of producing high purity DAG in a short interval. In this method, the residence time for the reaction mixture in the bed column is kept lower than 120 s to prevent the buildup of TAG, and the superficial velocity of the substrate is adjusted to exceed 1 mm s −1 during operation to alleviate the mass transfer limitation in PBR. In addition, the ratio between the packing thickness of enzyme particles, L, and the squared average particle diameter of the immobilized enzyme, d 2 , is preferably controlled between 3 and 25 to maintain a pressure drop of 20 kg cm −2 or lower as to minimize the plant construction cost (Sugiura et al. 2002) . Other process parameters namely temperatures, enzyme dosage, molar ratio of FFA to glycerol, reaction time, and vacuum conditions are presented in Table 2 . Under such operating conditions, a final DAG yield of 66 % (w/w) can be produced. In another study, Yang et al. (2005) examined the implementation of PBR to produce partial acylglycerols with MAG being the primary target via lipase-catalyzed glycerolysis of sunflower oil in t-butanol medium. Results revealed that approximately 30 % (w/w) DAG can be obtained at 45°C, glycerol to oil molar ratio of 4.5:1, and residence time of 15 min as catalyzed by Novozym 435 in the fixed bed column system (Yang et al. 2005) . Previous research also demonstrated that enzymatic partial hydrolysis of edible oil can be conducted in PBR under conventional heating and continuous flow condition. A high yield of 57 % (w/w) DAG can be obtained under optimum conditions (Table 4 ) (Matos et al. 2011 ).
Fluidized Bed Reactor
Despite widespread use of PBR for DAG production, PBR configuration appears to be incompatible with heterogeneous reaction system. In most enzymatic reactions considering surfactant-or solvent-free environment, the interfacial surface area is the rate-limiting factor which affects the overall reaction rate because the enzyme lipase functions at the liquidliquid interface. To increase the interfacial area, small enzyme particles are sometimes used which eventually lead to blockage and high pressure drops in PBR (Padmini et al. 1995) . To overcome the limitation of the fixed bed reactor, FBR seems to be an interesting reactor configuration although the use of FBR for DAG has not been reported to date. Other advantages of the fluidized bed system include reduced clogging of the bed, less channeling, and higher heat and mass transfer rate in the reactor. The main feature of FBR is that the solid catalytic particles are expanded or suspended by the upward flow of the reactant mixture. Nevertheless, high capital investment and operating cost associated with large reactor vessel and pump size as well as high power requirement are the hurdles of this reactor type. Padmini et al. (1995) investigated the suitability of FBR for hydrolysis reaction of rice bran oil, and 72 % conversion of TAG was achieved at optimum conditions of temperature 37°C, pH 6.8, flow rate of 0.0275 dm 3 s
, and 100 g of lipase immobilized in Nylon-6 with a recycle ratio of 40 % even though DAG yield is not their interest of study. A comparative study between both PBR and FBR systems also revealed the superior performance of FBR as compared to PBR due to higher diffusion rate (Kosugi et al. 1990 ). Kosugi et al. (1990) studied the hydrolysis of oil using countercurrent FBR system coupled with both stirring and settling compartments. The authors reported a higher hydrolysis ratio of 86.7 % than countercurrent PBR system at low oil feed rate but high water feed rate. The inclusion of agitating operation in the FBR system accelerates the oil-water separation besides improving mass transfer rate, whereas the additional settling operation enables conversion of emulsion mixture into individual substrate (Kosugi et al. 1990 ). This hybrid technology mentioned may become an interesting approach for the production of DAG.
Membrane Reactor
The concept of MR or commonly known as packed bed membrane reactor lies in the simultaneous enzymatic reaction and separation of both organic and aqueous phases by solid membrane where biocatalysts are being immobilized (Fig. 9) . The MR system can be operated in either tangential flow or normal flow mode. For tangential flow, both organic and aqueous phases are fed parallel to the membrane concurrently or countercurrently. This flow pattern enables a low pressure drop along the reactor and prohibits the bulk flow through the membrane. In terms of normal flow mode, one of the phases is force-pumped across the membrane, whereas the other phase remains stationary, leading to the formation of a coarse mixture of water and finely divided oil droplets or vice versa which is readily separated by gravity settling (Murty et al. 2002) . The major advantages of the MR system are undoubtedly the possibility of continuous production of partial acylglycerols, in situ product or phase separation, and relatively low mass transfer resistance. However, the cost of the membranes and the need for regular replacement of the membrane layer are the drawbacks of this reactor.
Previous literature demonstrated the adoption of hydrophobic MR with lipase immobilized on the alcohol side of the Fig. 9 Schematic illustration of the lipase-catalyzed hydrolysis and esterification reaction in a membrane reactor (MR). Adapted from van der Padt (1993) membrane to study the esterification reaction between glycerol and oleic or linoleic acid (Mozammel Hoo et al. 1984) . The membrane applied is a flat, plate type of polypropylene film with surface are of 726 cm 2 and a porosity of 45 %. Both liquid fatty acid and glycerol-water-lipase solution, which were separated by membrane layer, were fed continuously into the MR system. A high conversion efficiency of 90 % was reported under optimum conditions of 40°C and 3-4 % water content. Approximately equimolar concentrations of MAG and DAG were synthesized with an insignificant amount of TAG formed (Mozammel Hoo et al. 1984) . In another work, Koizumi et al. (1987) presented and scaled up the microporous hydrophobic MR for lipase-catalyzed glycerolysis reaction. The membrane employed is of polypropylene type with a total surface area ranging from 0.0726 to 1.16 m 2 . Results obtained clearly showed that the oil flow rate per sheet was the determining factor affecting the concentration of partial acylglycerols regardless of the total surface area of the membrane and the operation protocols namely parallel flow and series flow modes. A DAG yield of∼51 % was reported at an operating temperature of 40°C and a low oil flow rate (0.17-0.27 g h −1
) per one membrane sheet in both parallel and series flow modes (Koizumi et al. 1987) . Theoretically, MR system is an acceptable setup. However, much works and studies have to be carried out before the actual application is feasible.
Conclusions
The discovery of DAG oil with antiobesity properties provides a remedy for the ever raising number of obese patients worldwide. To fulfill the increasing demand for DAGenriched oil in the near future, various approaches and methods have been investigated and employed to produce DAG in a cost-effective and economically efficient manner. Even though the enzymatic approach gives promising results as revealed in recent published studies, the high cost and stability of the enzyme particles remain to be a major hindrance to the widespread use of enzyme for commercial DAG production. Further investigation and improvement especially in reactor design is therefore required if enzyme-catalyzed DAG production is to be feasible at an industrial scale.
